During an immune response, T cells survey antigen presenting cells for antigenic peptides via the formation of an interface known as an immunological synapse. Among the complex and dynamic biophysical phenomena occurring at this interface is the trafficking of sub-synaptic vesicles carrying a variety of proximal signalling molecules. Here, we show that rather than being a homogeneous population, these vesicles display a diversity of membrane lipid order profiles, as measured using the environmentally sensitive dye di-4-ANEPPDHQ and multispectral TIRF microscopy. Using live-cell imaging, vesicle tracking and a variety of small molecule drugs to manipulate components of the actin and tubulin cytoskeleton, we show that the membrane lipid order of these vesicles correlate with their dynamics. Furthermore, we show that the key proximal signalling molecule Linker for Activation of T cells (LAT) is enriched in specific vesicle populations as defined by their higher membrane order. These results imply that vesicle lipid order may represent a novel regulatory mechanism for the sorting and trafficking of signalling molecules at the immunological synapse, and, potentially, other cellular structures.
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| INTRODUCTION
The T cell immunological synapse (IS) is a well-studied cell-cell junction that, after stimulation via T cell receptor (TCR) engagement, displays a high degree of cellular and molecular level reorganisation. After initial signalling through molecules residing within the plasma membrane (PM), a prolonged stage of secondary signalling is required for full synapse formation and maintenance. 1, 2 This secondary signalling event relies on the recycling and redelivery of molecules to the interface and is important for supporting and balancing subsequent downstream signalling and T cell activation. 3, 4 Vesicles form an important component of this molecular delivery and recycling machinery, with their dynamics and transportation mediated by active cytoskeletal components. These mechanisms are speculated to include myosin transport along actin tracks, 6 actin polymerisation 7 and/or transport along microtubules. 5 F-actin modulates vesicle trafficking via myosin motors 8 and cargo fusion. 9 The cytoskeleton also creates hotspots of vesicle exocytosis in an actin and microtubule-dependent manner. 10 Vesicle trafficking within T cells may rely on different cytoskeletal components as vesicles distribute to different synaptic regions such as the synapse centre or the periphery. 11 Additionally, these vesicles contain proteins responsible for organising their own trafficking, such as myelin and lymphocyte protein (MAL) which promotes vesicular relocation to the synapse interface. 11 Furthermore, molecules important for T cell activation such as Linker for Activation of T cells (LAT) have been associated with vesicular populations and sustained signalling from signalosome formation. 12, 13 It has also been shown that TCR recycling and exocytosis may occur, which is speculated to control the level of TCR at the interface and therefore the strength of signalling.
14
The PM is not a homogeneous environment and is thought to be comprised of co-existing and immiscible fluid lipid phases; the liquiddisordered phase and the liquid-ordered phase. The liquid-ordered phase is enriched in cholesterol, sphingolipids and saturated phospholipids, displays highly ordered lipid tails, higher lateral viscosity and a thicker bilayer. 15 Such ordered-phase domains have been shown to be important for lipid-regulated sorting during vesicle formation at the trans-Golgi network. 16 Proteins are partially partitioned between the two phases depending on the nature of their membrane-targeting sequence such as acyl post-translational modification or the length of their transmembrane domains. 17, 18 Protein segregation or colocalisation may modulate protein signalling events within the IS with both LAT and MAL shown to be targeted to ordered-phase regions.
19-21
Here, we hypothesize that like the PM, sub-synaptic vesicles possess differential membrane lipid order and that if so, these differences may be functionally important. We employ the environmentally sensitive membrane probe di-4-ANEPPDHQ which changes its fluorescence emission spectrum based on the order of the membrane in which it resides. 22, 23 T cells can be imaged and analyzed using multispectral confocal and total internal reflection fluorescence (TIRF) microscopy allowing the order of individual vesicles to be quantified.
By tracking the vesicles using live-cell microscopy, we show that dif- Together, these results demonstrate low-order vesicles exhibit faster dynamics and may be located between actin fibres, while vesicles located on microtubules are more ordered and demonstrate slower movement.
| Vesicle lipid order correlates with cargo
Lipid order has been shown to contribute to protein heterogeneity within the PM, including that at the T cell synapse. 
| DISCUSSION
The machinery required to traffic vesicles to the IS is largely unknown. Recent work has investigated trafficking regulators such as the Rab GTPases and SNARE proteins within the context of vesicle cargo, 11 however, separate vesicle subpopulations as determined by their cargo do not share trafficking regulators. 28 How all these vesicles are trafficked to the synapse interface requires further investigation. with signal captured using a sCMOS camera (Andor).
The 3-channel fixed cell imaging was carried out on a Nikon A1R confocal microscope using a CFI Apo ×100 1.49 objective lens (Nikon), imaging occurred sequentially using a 488 nm laser for membrane order (emission spectra was split using a 525/50 nm and 595/50 nm filter set). Far-red imaging with a 642 nm laser used a 700 nm longpass filter.
| Drug treatments
Five minutes after contact with a stimulatory coverslip, drugs were added directly to the primary human T cell-containing wells. Vesicles were imaged as with control experiments. Stock solutions of Cytochalasin-D (10 mM), Jasplakinolide (1 mM) and Nocodazole (10 mM) were dissolved in ethanol or dimethyl sulphoxide (DMSO) and stored at −20 C.
| Analysis
GP measurements were carried out as previously described. 30 Briefly, images for ordered and disordered channels were quantified by ratiometric analysis, giving a measure of membrane order. After GP analysis, generated grayscale images were combined with the merged ordered-disordered raw images; with merged image used to track vesicles. Vesicles were tracked semi-automatically using Imaris 
